1. We recorded from cells with sensory responses to somatosensory stimuli in the superior colliculus (SC) of awake monkeys. Our goal was to determine the frame of reference of collicular somatosensory signals by seeing whether the positions of the eyes influenced the responses of cells to a given tactile stimulus. Somatosensory targets consisted of vibrotactile stimuli delivered to the hands, which were held in fixed spatial positions. Monkeys performed a delayed saccade task from different initial fixation positions to the locations of these tactile stimuli or to visual stimuli at approximately the same location. approximately the same direction in space with respect to the eyes.
The responses of a majority of somatosensory cells (25 of
3. The activity of these cells exhibited both sensory and motor qualities. The discharge was more closely linked in time to stimulus onset than to the movement. Sensory features of the stimulus were reflected in the responses: the discharge of a number of cells was phase-locked to the pulses of vibration. The sensory responses occurred even if the animal's next saccade was not directed into the response field of the cell. However, two thirds of the cells also exhibited a burst of motor activity in conjunction with the saccade to the somatosensory target. Sensory and motor activity were not always spatially coextensive. When different, the tuning of motor activity was broader. 4. Cells with somatosensory responses to vibratory stimulation of the hands were found in a wide region of the SC, spanning a 40" range of movement amplitudes.
5. These data show that somatosensory signals in the SC are not purely somatotopic but are dependent on eye position. For stimuli at a fixed location, this eye position dependence allows somatosensory and visual signals to be in register and share a premotor circuitry for guiding saccadic eye movements. 6. The dependence of the somatosensory responses on eye position suggests that the somatosensory receptive fields may either shift on the body surface or they may be restricted to a limited region of the body surface but be gated by eye ( and body) position.
Future experiments varying body position and the location of the stimulus on the body surface are needed to determine which of these alternatives is correct.
Cells with either type of receptive field could provide an unambiguous signal of the location of somatosensory saccade targets with respect to the eyes. The transformation of somatosensory signals from a body-centered frame of reference to a frame of reference that depends on the position of the stimulus with respect to the eyes is necessary for the correct activation of collicular neurons with motor activity, because this activity encodes saccades as desired changes in eye position.
INTRODUCTION
The deeper layers of the superior colliculus (SC) contain cells with motor, auditory, visual, or somatosensory activity, and combinations of the above. The motor, auditory, and visual maps in primate SC are organized in an eye-centered frame of reference, but the frame of reference of the soma sensory activity has never been examined. The eye-centered coordinate framework of the motor activity was demonstrated by the fact that collieular cells with motor-related activity only discharged before saccades of particular directions and amplitudes (Schiller and Koerner 197 1; Sparks 1975; Wurtz and Goldberg 1971, 1972) . Furthermore, microstimulation at a particular site in the SC elicited a saccade of approximately the same direction and amplitude, regardless of the initial position of the eyes in the orbits (Robinson 1972) . Thus the motor output from the SC signals the desired change in eye position rather than specifying a desired position of the eyes in the orbits. The activity of acoustically responsive cells in the intermediate and deep layers of the SC is also encoded in an eye-centered frame of reference. By mapping the auditory receptive fields of SC cells in monkeys making saccades to auditory targets from different initial eye positions, Jay and Sparks ( 1984, 1987) showed that the receptive fields were influenced by eye position. The receptive fields shifted in space when the eyes moved, maintaining approximately the same position with respect to the direction of gaze. The discharge of these cells provides a signal of the direction and amplitude of the saccade required to look to an auditory target, rather than its position with respect to the head. Visual signals in the intermediate and deep layers of the SC also encode the direction and amplitude of the saccade required to look to a visual target, even when the vector of the saccade is dissociated from the site of retinal stimulation. Mays and Sparks ( 1980) found that quasivisual or QV cells discharged when the remembered position of a visual target was in its eye-centered receptive field, even though no visual stimulus had fallen on the corresponding region of the retina. Similar cells have been found in the parietal cortex (Duhame1 et al. 1992; Gnadt and Andersen 1988) and frontal eye fields (Bruce and Goldberg 1990) . The goal of this study was to examine the frame of reference of collicular somatosensory activity. Cells responsive to somatosensory stimuli have been studied in the SC of anesthetized and/or paralyzed cats (Gordon 1973; Meredith and Stein 1983, 1986; Stein et al. 1975 Stein et al. , 1976 , mice (Drager and Hubel 1975a,b, 1976) ) hamsters (Chalupa and Rhoades 1977; Finlay et al. 1978; Tiao and Blakemore 1976) ) and monkeys (Updyke 1974; Wallace et al. 1994) . With the eyes and body held in fixed positions, a correspondence was observed between the spatial locations of the somatosensory receptive field and the visual receptive field of the same or nearby cells.
However, in an alert, freely moving animal, a somatotopic and a retinal receptive field would be in true spatial register only if the image of the body part containing the somatosensory receptive field landed within the visual receptive field on the retina, a situation dependent on eye and body position. Registry of somatosensory and visual receptive fields, then, means that for any given eye and body position a cell would respond to visual and tactile stimuli at the same location in space. If the somatosensory receptive fields of collicular cells are solely somatotopic, then for other eye and/or body positions, the spatial relationship between the visual and somatosensory receptive fields will be different, and they will not be in register. However, if the somatosensory responses are dependent on the position of the eyes with respect to the tactile stimulus, then the somatosensory and visual receptive fields might remain in register despite movements of the eyes. In this experiment we present vibrotactile stimuli to fixed locations on the hands of two monkeys and examine the somatosensory responses of collicular neurons as a function of eye position. Our purpose was to determine whether the responses to a given tactile stimulus are influenced by eye position, and whether such an influence would permit somatosensory and visual signals in bimodal neurons to remain in register despite movements of the eyes with respect to the body.
A preliminary report of this work has appeared elsewhere (Groh and Sparks 1993).
METHODS
The methods and procedures were similar to those described in the two preceding papers (Groh and Sparks 1996a,b) . Only relevant differences and particularly important points are repeated below.
Monkeys and surgical procedures
One female (monkey 778) and one male (monkey 153) rhesus monkey (Macaca mulatta) served as subjects. These two animals also served as subjects in the two preceding papers (Groh and Sparks 1996a,b). As described previously, each animal was fitted with a scleral eye coil (Judge et al. 1980; Robinson 1963 ) and a fixture for immobilizing the head. In a separate procedure, a cylinder for chronic single-unit recording was implanted. All surgeries were performed using sterile techniques and isoflurane anesthesia. Animal protocols were approved by the University of Pennsylvania Animal Care and Use Committee.
Apparatus and sensory stimuli As described in detail in the first paper of this series (Groh and Sparks 1996a), the monkeys grasped two posts mounted in fixed positions beneath a display of light-emitting diodes. Contact with the posts was monitored electronically. The hands and arms were not visible. Somatosensory stimuli were delivered by vibration of the posts (Sher%ck 1965) . The frequency of vibration was 60 Hz, but the stimulators were turned on for 17 ms ( 1 cycle at 60 Hz), then off for 83 ms, providing a pulse of vibration every 100 ms, or an overall frequency of 10 Hz.
Behavioral paradigms
The training techniques are described in the first paper of this series, and the relevant trial types are shown again in Fig. 1 Behavioral trial types. In all trial types, animals were required to grasp the posts before the trial could proceed. Contact was monitored electronically;
any disruption resulted in abortion of the trial. In the delayed saccade task (A), the animal was required to fixate an initial visual target. After a variable interval (500-1,000 ms) , a 2nd visual or somatosensory target was turned on. The animal was required to wait 600-1,000 ms until the fixation light was turned off before making a saccade within 500 ms to the location of the target. The animal then had to maintain fixation of this target for an additional 500 ms before the stimulus was turned off and a reward was delivered. The reward consisted of a drop of water on a variable ratio schedule, paired with a noise burst on all correct trials. The long temporal delay between target onset and the saccade to the target permitted separation of sensory-related and motor-related activity. Sensory probe trials (B) were identical to delayed saccades until the 2nd target was turned off while the fixation light remained on. This cued the animal to maintain fixation to receive a reward. Sensory responses could be examined in the absence of a saccade using this trial type. The 3rd trial type, the fixation trial ( C), served as a control to ensure that the animals used the somatosensory stimulus as the target of a saccade rather than simply guessing on nonvisual trials. addition to the delayed saccade (Fig. IA) and fixation trial types (Fig. 1 C) , a sensory probe trial type (Fig. 1 B) was used for some cells. In this trial type, a sensory stimulus was presented but a saccade to the target was not required. The animal could not distin- guish this trial type from the delayed trial type until late in the trial, after the target had been presented. On a delayed saccade trial, the visual fixation target was turned off while the target stayed on, cuing the animal to make a saccade. On a probe trial, the target was turned off while the fixation light stayed on, cuing the animal to maintain fixation. All trial types were randomly interleaved.
Recording, data collection, and analysis
As described previously, the electrode was advanced to the SC while the animal either looked around the dimly lit room or performed the visual and somatosensory saccade tasks. Electrical stimulation within the SC through the recording electrode (typically 280-Hz, 80-ms train, 50-mA cathodal pulses) readily elicited saccadic eye movements. We monitored the stimulation-induced movement, the visual receptive fields, and the movement fields of single-and multiunit activity as the electrode penetrated the SC.
In searching for cells responsive to somatosensory stimuli, we included initial fixation targets that placed one of the somatosensory targets as close as possible to the endpoint of the stimulationinduced movement or the movement fields or visual receptive fields of the multiunit activity. Other initial fixation targets were included as well. Using both somatosensory and visual targets randomly interleaved, we searched for cells with activity associated with the onset of the sensory stimulus. Cells responsive only to visual stimuli were prevalent. Data from such cells were not stored and will not be discussed further. Once a cell responsive to somatosensory stimuli was isolated, data were collected on its somatosensory responsiveness as a function of eye position by requiring the animal to make saccades to the same somatosensory target from different initial fixation targets. The visual receptive field was sampled in the same manner using visual targets at the same spatial location as the hand. Targets at other locations were randomly interleaved as well, so that target location was unpredictable.
We employed two strategies to examine the eye position dependence of somatosensory cells. Initially we collected data from two initial fixation positions, the first of which placed the somatosensory and visual targets within the receptive field. The second fixation target either did place, or should have placed, the somatosensory target well outside the receptive field, if the somatosensory activity were eye position dependent and in register with the visual activity of the same or neighboring cells. We only included cells The 1st arrow in each panel indicates the time of target onset, and the 2nd arrow indicates the time of fixation light offset, which was the cue to make a saccade. Bottom: histograms of 25 trials each from the same initial eye positions (binwidth 10 ms). Histograms were constructed by summing the spikes occurring within each time bin across all the trials, then dividing the total spikes in each bin by the number of trials and by the duration of the bin. The result is expressed in terms of the average discharge frequency for each bin. For all trials, the somatosensory stimulus was vibration of the post in the left hand.
in the sample if a paired t-test indicated that they discharged significantly more spikes (P < 0.05) in the 200 ms after the onset of a somatosensory target than in the last 200 ms of the fixation interval before the onset of that target for at least one eye position. To determine whether the somatosensory responses of a cell depended on eye position, we used a t-test to compare the mean number of spikes in the 200 ms after the onset of a somatosensory target for the two different initial eye positions. If the mean responses differed (P < 0.05)) the cell was classified as eye position dependent.
Once sufficient data were collected using two fixation targets, we turned to our second strategy and began mapping the eye position dependence of the somatosensory responses over a broad range of eye positions. Rather than plot classical somatotopic receptive fields, we plotted the responses of cells to stimuli at a single somatotopic location and hand position as a function of eye position and the ensuing saccade to the target. This allowed us to display the influence of a range of eye positions on the somatosensory responses. Figure 2 illustrates schematically how we did this for a somatosensory stimulus delivered to the left hand using trials from initial eye positions surrounding the hand. Two hypothetical cells are shown: one with an eye-position-dependent somatosensory response ( Fig. 2A ) and the other with an eye-position-independent somatosensory response ( Fig. 2B) . A sketch of the hand and the saccades to the hand is shown at left, along with the accompanying neural activity. We realigned the saccades on a common starting point (right) and plotted the activity of the cell in color (shown here in gray scale) as a function of the saccade required to look to the stimulus from each initial eye position. For these plots, our measure of cell activity was the number of spikes occurring in a 500-ms time window following target onset. Delays between target onset and fixation light offset ranged from 600 to 1,000 ms; thus all saccades occurred well after this time window, so the motor component of the activity was not included. The color/gray scale gradient across the saccade endpoints illustrates the eye position sensitivity of the cell's response in Fig. 2A , whereas the lack of a gradient illustrates the eye position insensitivity of the cell in Fig. 2B. Because the head and limbs were fixed in position, the limitations of the oculomotor range prevented us from sampling all positions of the eyes with respect to the hands. Instead, we concentrated on looking for gradations of responsiveness across a subset of orbital positions.
The methods for analysis of eye movements are similar to those described in the first paper of this series (Groh and Sparks 1996a).
Statistical tests
In addition to the standard t-tests mentioned above, we employed a statistical test for phase-locking to the individual pulses of the vibrotactile stimuli in a subset of the cells. We selected cells with sustained somatosensory responses (those whose activity 200-500 ms after target onset significantly exceeded the baseline rate of discharge). We performed a discrete Fourier transform of the poststimulus time histogram of the responses of each cell, and used a Rayleigh test of uniformity to determine the probability that the histogram was a sample from an oriented distribution, in which spikes were more likely to occur at a particular phase of a cycle, rather than a uniform distribution, in which the phase of spikes was random. This probability is a function of the quantity where Rk is the Fourier amplitude coefficient of the frequency k, R. is the mean discharge rate, and M. is the number of spikes in the sample. When this quantity exceeds a value of 5.991, the null hypothesis of uniformity can be rejected with a probability >95% (P < 0.05; Mardia 1972). The frequency of interest for this study was 10 Hz, the rate at which pulses of vibration were delivered. This standard test is also used for assessing the phase-locking of auditory activity to the frequency of an auditory stimulus (Goldberg and Brown 1969; Narins and Wagner 1989) .
ferent fixation positions. Figures 3 and 4 show the activity of two typical cells in response to a single target for these two different initial eye positions. The cell in Fig. 3 was recorded at a site at which stimulation produced a 2 1" leftward horizontal movement. Figure 3A depicts trials involving an initial eye position to the right and slightly below the left hand such that a saccade similar to that evoked by stimulation was required to look in the direction of the tactile stimulus. Fig. 3B shows interleaved trials involving an initial eye position above and to the right of the left hand such that a downward and leftward saccade was required. This cell exhibited a sustained response when the eyes were to the right of the target, but when the eyes were above the target the cell failed to respond to the somatotopically identical stimulus. The cell shown in Fig. 4 also responded to somatosensory stimuli in an eye-position-dependent fashion, exhibiting a transient response to the stimulus when the eyes were above and to the left of the stimulus, but responding weakly or not at all when the eyes were above and slightly to the right of the stimulus. The magnitude of the effect of eye
RESULTS
Eye position dependence of somatosensory activity position was striking : for the second eye position, 19 of these 25 cells did not exhibit a response to the vibratory stimulus that significantly exceeded the baseline firing rate. The weak responses in the remaining six might well have We recorded the activity of 34 cells responsive to somato-been eliminated for more distant fixation positions. sensory stimuli in the intermediate and deep layers of the Eye position dependence occurred not only in the re-SC. The discharges of the majority of these cells were sig-sponses to the somatosensory targets themselves but also in nificantly influenced by eye position (25 of 34, or 74%, the baseline firing rates of many cells. The cells illustrated This baseline activity was significantly affected by eye position for all three cells shown, as it was for a total of 13 of 34 cells (Table 1 ). The baseline activity may represent an eye position signal. Such activity was reported in a few of the auditory cells in primate SC by Jay and Sparks ( 1987) and in -10% of units in cat SC by Peck ( 1986) . Alternatively, this activity may actually be eye-position-dependent somatosensory activity due to the continuous tactile stimulus presented by the posts themselves in the absence of vibration throughout the trial. In this study, we cannot distinguish between eye position signals per se and eye-position-dependent somatosensory responses to the constant contact between the hands and the posts. Most of the cells with eyeposition-dependent baseline activity also exhibited eye-position-dependent somatosensory responses (Table 1 ; 11 of 13). These responses were usually still dependent on eye position when the baseline activity was subtracted (9 of 13).
The gradations in the somatosensory responses across a range of eye positions are illustrated in Fig. 5 for the cell in Fig. 3 and three additional cells. As described in the METHODS section ( Fig. 2) , each of the plots in Fig. 5 shows the sensitivity of the cell to initial eye position by plotting the response to a particular target as a function of the direction and amplitude of the ensuing saccade to that target. The somatosensory responses of each of these cells were significantly affected by eye position, as indicated by the gradient of color.
Registry of visual and somatosensory responses
The eye position dependence of somatosensory responses shows that the collicular representation of tactile stimuli is not truly somatotopic. Could the somatosensory and visual signals of individual collicular cells therefore be in register? Each of the cells in Fig. 5 , like the majority of somatosensory cells, also responded to visual stimuli (28 of 30 tested, or 93%, Table 1 ) . By plotting the neural activity as a function of the movement to be made, we can illustrate both the visual and somatosensory activity in the same eye-centered frame of reference. Figure 5 , right, shows the visual activity of each cell plotted as a function of the ensuing saccade vector. Visual trials involving targets at the same spatial location as the somatosensory target and the same set of initial eye positions were interleaved with the somatosensory trials. Each of these cells discharged in response to both visual and somatosensory targets that elicited saccades of similar vectors, although the magnitude or variability of the responses could be affected by the modality of the target.
We had sufficient data to assess the correspondence between the visual and somatosensory activity of 21 of the 25 cells with eye-position-dependent somatosensory responses. We examined the responses to visual targets at approximately the same location as the somatosensory stimulus for a minimum of two orbital positions, the same ones that were used for assessing the eye position dependence of the somatosensory responses. The visual receptive field was judged to be "in register" with the somatosensory receptive field if the cell responded to visual and somatosensory targets at the same location for one orbital position but not the other. The visual and somatosensory activity were found to be in register for 20 of 21 cells.
Sensory qualities of somatosensory cells
The somatosensory responses of these cells, although dependent on eye position, nevertheless exhibited the characteristics of sensory responses rather than motor activity. The activity was more tightly coupled in time to target onset than to movement onset in delayed saccade trials. The mean somatosensory response latency of the population of cells was 97 ms after target onset (Fig. 6A) , and the mean standard deviation of the response latency was 61 ms (Fig. 6B) . The mean visual latency was 61 ms, the mean standard deviation of the visual latency was 15 ms, and the mean difference between the visual and somatosensory latencies of bimodal cells was 39 ms (paired t-test, P < 0.05). The longer latency and higher variability of the somatosensory responses may be due in part to the pulsatile nature of the stimulus: if a cell occasionally failed to respond to the first pulse of the train, the latency of the response on that trial would be delayed by the interpulse interval of 100 ms. The method used for measuring the latency (see legend to Fig. 6 ) would be particularly sensitive to this type of effect. Because of the 600-to l,OOOms delay after target onset until the offset of the fixation light, saccades to the target did not occur until 700-1,400 ms later (including the saccade reaction time: mean 975 ms, standard deviation 143 ms) . Thus, although visual responses had shorter, less variable latencies than did the somatosensory responses, both types of activity were linked more closely to the sensory stimulus than to the movement, and occurred well in advance of the saccade.
Another sensory quality to the somatosensory responses of these neurons was that a number of them encoded the temporal features of the somatosensory stimulus. As described in the METHODS section, the stimulus consisted of a pulse of vibration delivered every 100 ms, or a frequency of 10 Hz. Figure 7 shows a raster and histogram of the response of a neuron whose discharge was phase-locked to these pulses of vibration. We found that 8 of 24 ( 33% ) neurons with sustained activity exhibited statistically significant phase-locking to the IO-Hz rate of the vibratory pulses (P < 0.05). The response of the cell shown in Fig.  7 depended on eye position, as did the responses of a total of five of these eight cells, or 63%.
In addition, the responses of most of these neurons had a substantial transient component. Transient responses constitute a sensory quality because they provide information regarding the onset time of a sensory stimulus. Premotor and motor activity, on the other hand, usually either increase or maintain a roughly constant level of discharge until a movement is executed. The somatosensory responses of the cell illustrated in Fig. 4 as follows: for a group of trials from a single initial eye position, the mean time of occurrence of each of the 1st 6 spikes after target onset was compared with the time of occurrence of each of the last 6 spikes before target onset, counting backward in time up to 400 ms. If the nth spike preceding the target did not occur within 400 ms, it was assigned a time of occurrence of 400 ms. The 1st of the 6 spikes that occurred significantly sooner than the equivalent baseline spike after target onset (paired t-test, P < 0.05 ) was considered the beginning of the response.
The mean time of that spike was used as the latency of the cell's response. For most cells, the spontaneous firing rate was low enough that the latency of the 1st spike after target onset was significantly lower than the latency of the last spike preceding target onset.
nent. We compared the number of spikes occurring in the first and second halves of the first 500 ms of the stimulus period and found that the activity level decreased in the second half for 25 of 34 cells (74%). The decrease was statistically significant for 17 of 34 cells (50%, P < 0.05) .I Finally, the responses that we have labeled somatosensory do not consitute premotor activity that directly causes saccades. If the responses were directly involved in programming an impending saccade to the somatosensory target, then the occurrence of the response should indicate that the next saccade the animal makes will be directed to the target. However, the animals often made small saccades that stayed within the fixation window during the delay interval. These saccades were not directed to the target. These saccades occurred despite the fact that these cells were active, indicating that this activity did not directly program the next saccade.
That the responses did not play a causal role in generating a saccade is illustrated further with the use of interleaved sensory probe trials, in which the animal was required to maintain fixation rather than make a saccade to the target. Figure 8 shows the activity of the cell in Fig. 3 on sensory probe trials for the same initial eye position as in Fig. 3A . After receiving a reward at the end of the trial, the animal was free to make saccades to any location during the intertrial interval. We continued to monitor eye position for 500 ms after the end of the trial. For the single trial and all the trials included in the histogram, the first saccade made by the animal following the end of the trial was directed neither to the target nor to some other location in the response field of the cell. The cell nevertheless responded to the stimulus. Any contribution the response made to the programming of a saccade was subject to cancellation. Thus the response was sensory rather than motor in quality. increase in activity associated with the saccade itself as well (22 of 34, Table 1 ). The sensory and motor activity of individual cells differed not only in timing, but also in the movement field tuning : the tuning of the sensory and motor activity for saccade vector was not always identical. Figure 9 shows an example of such a cell. A-D show trials from one origin, illustrated schematically in A, whereas E-2Y show trials from another origin (E) . The histograms in C and G are aligned on target onset, whereas the histograms in D and H illustrate the same data aligned on saccade onset. For one initial eye position, this cell exhibited a transient increase in firing in response to the somatosensory stimulus, followed by a lower level of sustained firing, and finally, a burst at the time of the movement. However, at the other eye position, neither the transient nor the sustained sensory activity occurred, but a sharp saccadic burst remained. Figure 10 shows the tuning of the sensory and motor activity of this cell as a function of the saccade vector for both somatosensory and visual targets. The sensory activity occurred before a more limited range of saccades than the motor activity did for both somatosensory and visual targets. Wurtz and Goldberg ( 1972) also found collicular cells with visual receptive fields and movement fields that were not coterminous.
Location of cells within the SC
We searched for somatosensory cells primarily in regions of the SC representing movements that could be made to our somatosensory targets. At medial sites, representing movements with a large upward component, the origin could not be placed far enough below the hands such that large upward movements could be directed to the target. Likewise, the monkeys would not make small-amplitude somatosensory saccades, which was probably related to the wide range of scatter in the endpoints of somatosensory saccades (Groh and Sparks 1996a) . Thus the sample of somatosensory cells comes primarily from the regions of the SC representing large movements with at most a small upward component.
We found somatosensory cells throughout the sampled regions of the SC. After each cell was recorded, electrical stimulation was conducted to determine whether a saccade could be elicited at that site. Stimulation elicited a saccade at all but one site. The direction and amplitude of these saccades were measured. Figure 11 shows the mean endpoints of stimulation-induced movements elicited at the site of each cell. Leftward saccades elicited in the right SC have been reflected across the vertical meridian and plotted together with rightward saccades from the left SC. Somatosensory cells were recorded at sites representing movements with amplitudes of < 10" to >50".
Somatosensory responses were usually limited to the stimulus in the contralateral hand over the range of tested eye positions. Because of the limitation of the oculomotor range, we could generally only elicit saccades in the center of the response field to one of the two hands; therefore it is quite possible that some or all of the cells would have responded to tactile stimuli in the other hand if the eyes had been in the appropriate position with respect to that hand.
The depth from the top of the SC was noted for each somatosensory cell. The mean depth of somatosensory cells was 1.81 2 0.14 (SE) mm from the surface of the SC. Most cells were encountered below or at the level of cells with motor activity. The mean depth of motor cells described in the previous paper (Groh and Sparks 1996b) was 1.64 t 0.08 mm, shallower than the somatosensory cells, although the difference in depth was not statistically significant. This confirms our qualitative impression that somatosensory cells were usually found somewhat below the motor cells, occasionally quite deep, although sometimes they were found before any motor cells were encountered. As in many studies involving awake behaving animals, we recorded the first cell in any penetration that met our criteria of interest, and unless we lost isolation we continued to record from the same cell until the animal ceased working. Thus our sample of both sensory and motor cells is biased in favor of shallower cells.
DISCUSSION

Coordinate frameworks
Previous studies of the somatosensory and visual receptive fields of cells in the SC of anesthetized animals emphasized the spatial registry of the two sensory maps, but failed to dissociate body-and eye-centered coordinates: the eyes and body were held in fixed positions (Chalupa and Rhoades 1977; Drager and Hubel 1975a,b, 1976; Finlay et al. 1978; Gordon 1973; Meredith and Stein 1983, 1986; Stein et al. 1975 Stein et al. , 1976 Tiao and Blakemore 1976; Updyke 1974) . If the receptive fields for each modality were independent of the relative position of the sense organs, then this correspon- -1200 -800 -400 0 400 -1200 -800 -400 0 400 TIME (MS) TIME (MS) dence is an epiphenomenon and would disappear when the body and eyes move. Bimodal cells with somatotopic and retinal receptive fields would provide ambiguous information regarding the location of a stimulus, responding to visual stimuli at one location in the environment and somatosensory stimuli at a different location. The problem of the signal ambiguity can only be solved using either a common coordinate framework or a coordinate framework involving responses conditional on eye and body position. Furthermore, such unambiguous signals are needed to guide saccades.
In these experiments we report that the responses of collicular somatosensory cells depend on eye position, and that this dependence allows somatosensory signals and visual signals to be in register with respect to the eyes. The somatosensory responses, like the visual responses, may represent the change in eye position necessary to look to the target. The eye position dependence of collicular somatosensory activity raises intriguing possibilities regarding the nature of the receptive fields on the body surface. For example, the receptive fields may shift on the body as the eyes move, just as auditory receptive fields shift with changes in eye position (Jay and Sparks 1984, 1987) . Provided these shifting receptive fields maintain a fixed relationship to the direction of gaze, the cells would signal the location of the target with respect to the eyes. Cells with receptive fields that could shift anywhere on the body surface would encode target location in a truly eye-centered coordinate framework.
A second possibility is that the receptive fields do not shift on the number of apIke\ within t 100 ms of movement onset I\ plotted a\ a tunctlon ot the uxade vector the body surface but are gated by eye position such that the cell's response is conditional on both eye position and the location of the stimulus on the body surface. Body position might also influence responses. Future experiments varying both eye position and the location of the stimulus on the body are needed to differentiate between truly and conditionally eye-centered coordinate frameworks. Signals of either type can be used to provide a signal of stimulus location with respect to the eyes, but the second scheme requires far more cells to code the location of stimuli for all combinations of eye position, body position, and body surface location.
If the receptive fields are not capable of shifting to any lqcation on the body surface, then a large population of somatosensory cells may have been overlooked because we only used tactile stimuli delivered to the palms and fingers of the hands. In mice, the face and whiskers are used extensively for exploration, and receptive fields on the face and whiskers predominate, with a smaller percentage of cells responding to tactile stimuli on the forelimbs (Drager and Hubel 1975a,b, 1976) . The percentage of somatosensory cells with facial receptive fields is lower in cats than in mice, whereas the proportion of cells with forelimb receptive fields increases (Stein et al. 1976 ). Facial receptive fields may predominate in <pecie\ that u\e whiskers for exploring the world and employ large head or body movements for orientation. If so, the trend in the relative representations of the face and forelimb may continue with monkeys, which may have a still lower percentage of facial receptive fields and a higher percentage of forelimb receptive fields. We would have missed any cell with a receptive field limited to the face or other region of the body, regardless of eye position sensitivity. We would also have overlooked any somatosensory cell having an eye-positiondependent response field that was grossly out of register with either its own visual response field or movement field or those of surrounding cells.
The fact that we found cell\ with somatosensory receptive fields including the hands throughout a 40" range of movement amplitudes in the collicular map illustrates that regardle\s of whether or not the receptive fields shift on the body surface, all points in body-centered space must map to all points in the SC in order to produce a representation of the AND D. L. SPARKS STIMULATION-INDUCED MOVEMENTS onset throughout this paper, yet we have shown that the activity, because it depends on eye position, is capable of signaling the saccade necessary to look to the target. On the continuum between sensory and motor activity, a purely sensory response can be defined as activity that occurs if, and only if, an appropriate stimulus is presented, independent of the planning or execution of a movement. Likewise, purely motor activity can be defined as activity that occurs if, and only if, an appropriate movement occurs, regardless of the presence or absence of a sensory stimulus. Furthermore, the activity should have the appropriate temporal relationship: time-locked and following for pure sensory activity, but time-locked and preceding for pure motor activity, indicating its causal role in producing the movement. The somatosensory cells in our sample clearly exhibited both sensory and motor qualities. Like pure sensory cells, their discharge was more closely coupled in time to target onset than to movement onset. The responses encoded temporal features of the stimulus, both through the transient component of the response found in the majority of cells and through the phase-locking to the pulses of the stimulus found in a subset of the cells. They fired when a target was presented, regardless of whether the next movement was directed to the target, as illustrated by the sensory probe trials and the small saccades occurring during the delay interval on delayed saccade trials. Thus this activity did not directly program an impending movement. However, most cells fired only when the target lay in the appropriate position with respect to the eyes, an oculomotor error coordinate framework. Furthermore, many cells exhibited a second increase in firing rate shortly before the saccade, which meets the above definition of motor activity. This motor activity differed from the sensory activity not only in its timing, but often also in its tuning for the saccade vector. In their overall response characteristics, these cells join the ranks of the collicular quasivisual and auditory cells, which also exhibit both sensory and motor properties. The functional role of the activity of these cells is probably to signal the presence and position of potential saccade targets with respect to the eyes, rather than to encode information regarding the sensory modality or features of the stimulus. Distributi on of mean endpoints of stimulation-induced movements elici ted at sites where somatosensory cells were recorded. The absolute value of the horizontal component was used, so that sites where leftward movements were elicited are plotted together with rightward movements.
body in eye-centered space. If the activity of these cells is conditional on somatotopic location, then separate representations of the body must be repeated across the SC. If only a more limited mapping occurs, then the overall representation of the body in eye-centered space will be incomplete. If this representation is ndeed necessary for generating saccades to somatosensory targets, then saccades to targets delivered to sites on the body that are mapped only to limited regions of the SC are likely to be inaccurate.
Computation of coordinate transformation
The camp utation necessary to produce either a truly eyecentered or a conditionally eye-centered representation of the positi on of a somatos ensory stimulus is complicated. Although the position of a tactile stimulus on the body surface is specified first on the ba sis of the somatotopic receptive field organization of the cutaneous receptors, determination eyes requ of the position of the stimulus with respect to the formation on all the inter vening joint angles. ires in If the stimulus is delivered to the finger, the angles of the finger joints, wrist, elbow, shoulder, neck, and eyes must be known. If the complexity of this process seems overwhelming, consider that touching one fingertip with the other in the absence of visual feedback requires information on nearly twice as many joint angles. In principle, algorithms similar to either of those proposed by Groh and Sparks ( 1992) for transforming auditory signals from head-centered to eye-centered coordinates could perform the necessary computations. In a scheme analogous to the vector subtraction model, signals of each joint angle in three-dimensional space would be combined sequentially with somatotopic stimulus position to yield a signal of stimulus position with respect to the eyes. Alternatively, a neural implementation of a multidimensional lookup table with indexes for all the intervening joint angles could convert stimulus position from body-centered space to eye-centered space. Such an algorithm is similar to that implemented in the dendrite model proposed by Groh and Sparks ( 1992) .
How would eye-position-dependen beha ve in anesthetized animals? t somatosensory cells Differences between our results and those of previous studies are almost inevitable for a variety of reasons. First, anesthetized animals were used in prior studies of collicular somatosensory activity. Anesthetized animals do not perform behavioral tasks, and the neural processes of saccade target selection, coordinate transformation, and movement preparation may not occur. Also, anesthesia itself may exert direct or indirect pharmacological effects on collicular neurons. Second, in previous studies, limb and eye position were constant but the site of cutaneous stimulation was varied. Third, cats and mice were used in most previous studies, and they may differ from monkeys. In this section we speculate on how these factors, especially the use of anesthesia, might influence the responses of cells that exhibit eye-position-dependent somatosensory responses in awake animals.
Because anesthetized animals do not perform saccades, at a minimum anesthesia prevents correlation of collicular Is somatosensory activity sensory or motor?
We have used the term sensory response to refer to the increased activitv of the ccl s follow ing somatosensory target activity that might normally cause a saccade with the occurrence of a movement. In addition to obscuring possible motor activity, anesthesia may produce any one of a number of effects on the receptive field properties of these cells. First, the anesthesia could remove the effects of eye position (or body position) but leave sensory responses intact. If the coordinate framework is purely eye-centered, cells would respond to tactile stimuli over a large region or perhaps the entire body, regardless of the position of the stimulus with respect to the eyes. If the coordinate framework were eyecentered conditional on somatotopic position, the size of the receptive field might be unaffected, but a response could be more likely to occur if it were no longer dependent on eye position. Several studies have reported somatosensory receptive fields covering large regions of the body, with some as large as nearly the entire contralateral surface of the body (Finlay et al. 1978; Stein et al. 1976; Updyke 1974) . These large receptive fields might reflect the region of the body over which a smaller eye-position-dependent receptive field could shift when awake animals move their eyes.
A second possibility is that eye (and body) position do influence cell activity under anesthesia. Because the animal does not move, the effects would not be apparent. Yet a third possibility is that eye (or body) position signals may be distorted or degraded in the anesthetized preparation such that they do not accurately reflect the actual eye (or body) position. This could be due either to direct effects of anesthesia or to the prolonged immobility of the animal, because position sense degrades with time (Paillard and Brouchon 1968; for review see Clark and Horch 1986). The fact that the animal was placed in the experimental apparatus through passive movements would also degrade body position sense. Furthermore, eye position signals are believed to be derived from efference copy signals (Guthrie et al. 1983) , and these may be very inaccurate if the animal does not make eye movements. If the eye (and body) position signals are unreliable, the registry between somatosensory and visual receptive fields will deteriorate. In the extreme case, cells might actually become unresponsive to somatosensory stimuli.
It is entirely possible, however, that either the cell types or the particular responses examined in other experiments are completely different from those studied here. Wallace et al. ( 1994; personal communication) reported a higher incidence of unimodal somatosensory cells in the SC of anesthetized monkeys than we found here. Furthermore, the cells of Wallace et al. were found somewhat deeper than those in our sample. Response latency differences constitute an additional discrepancy: Wallace et al. reported longer visual latencies (9% 101 ms vs. 61 ms) and shorter somatosensory latencies (22-25 ms vs. 97 ms) in their cells compared with ours. These latency differences could occur because of differences in the types of stimuli used, because the sampled populations were different, because anesthesia unmasked responses that are not present in the awake animal, or because of some combination of the above. As mentioned above, a behavioral task such as ours requires substantial neural processing to compute the saccade goal, and it is unlikely that such a process could be accomplished within the 22-25 ms reported by Wallace et al. The pathway that mediates such short-latency responses in the anesthetized animal might be suppressed by neural processes relating to saccade target selection in the awake animal. However, two observations argue against a general effect of anesthesia of this kind: 1) Meredith et al. ( 1993) report that average response latencies were about the same in both awake and anesthetized cats; and 2) although our somatosensory latenties were longer, our visual latencies were shorter than those reported by Wallace et al. It is possible that anesthesia affects different sensory pathways and different species differently. Experiments in monkeys in which cells are tested with the same stimuli both with and without anesthesia and/or with and without performance of a saccade task to the stimuli could illuminate these issues.
Relationship to collicular motor cells
Why do the responses of collicular cells to somatosensory stimuli depend on eye position? In the preceding paper we reported that nearly all collicular cells with motor activity for visually guided saccades also discharged for somatosensory saccades, and that the tuning of these cells for the direction and amplitude of saccades was similar (Groh and Sparks 1996b). The fact that these cells encoded somatosensory saccades as a desired change in eye position showed that signals encoding the position of somatosensory targets with respect to the eyes were necessary to drive these cells and produce somatosensory saccades. Furthermore, the fact that virtually all motor cells discharged for somatosensory saccades implies that these cells carry a truly eye-centered representation of the location of somatosensory targets. If these cells only received input from some limited region of the body surface, for example, then any cell that did not receive input from the hands would have appeared to discharge only for visual saccades.
The population of somatosensory cells examined in the current experiments carries an eye-position-dependent somatosensory signal suitable for accessing the motor cells and coding a saccade. In fact, many of these cells also exhibited both somatosensory and motor activity. We have no information regarding the connectivity of these cells. Although some might project to motor cells, they and the motor cells might also receive common input carrying eye-position-dependent somatosensory signals from some upstream area [see the preceding paper (Groh and Sparks 1996a) for discussion].
If the cells providing input to the motor cells had conditional eye-centered somatosensory receptive fields rather than truly eye-centered receptive fields, then a wide variety must converge onto each motor cell, and the truly eye-centered signal would arise only at that level.
Relationship to other brain areas
Although somatosensory activity has not been reported in the frontal eye fields or the lateral intraparietal cortex, which project to the SC, somatosensory and visual activity do cooccur in a variety of other areas of the brain. These areas are of interest not only because they may be involved in sensorimotor integration for saccadic eye movements or other motor behaviors, but also because the same coordinate framework issues are relevant wherever responses to stimuli of different sensory modalities cooccur.
In ventral intraparietal cortex of awake monkeys, bimodally responsive cells have been found (Colby and Duhamel 1991; Duhamel et al. 1991) . The receptive fields were mapped while the animals fixated a single location, and were found to be in register when eye position was held constant in this manner. Bimodal visual and somatosensory cells have Perception is but one of many endpoints of sensory processing. Motor control of the variety of behaviors that can and do occur in response to external events dictates the types also been found in the superior temporal sulcus of an anesof sensory processing that must occur. When the behavior thetized monkey (Stein et al. 1993 ) and the dorsolateral consists of directing eye movements to sensory targets, visual, auditory, and somatosensory acti vity in the SC appears to represent the location of targets wi th respect to the eyes.
prefrontal cortex of awake monkeys (Tanila et al. 1992) . Registry between visual and somatopic receptive fields has also been reported in area 7b of posterior parietal association Each motor system may require a unique transformation of cortex in awake primates (Hyvarinen and Poranen 1974;  sensory signals into motor signals that are specific to that Leinonen 1980; Leinonen and Nyman 1979), but eye posisystem. tion was not controlled and neither eye nor body position were varied systematically.
The influence of body position on the visual responses has been examined in other studies, yielding conflicting results: Leinonen et al. ( 1979) found bimodal cells that responded to visual stimuli in the vicinity of the cutaneous receptive field. For cells with cutaneous receptive fields on the arm, the researchers state that the visual receptive field moved with the arm when the arm was moved. However, this result is potentially confounded by the researchers' failure to control eye position: the animal may have followed its arm with its eyes, so the receptive field
